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ABSTRACT

We have used new astrometric and spectroscopic observations to refine the volume-complete sample of M
dwarfs defined in previous papers in this series. With the addition of Hipparcos astrometry, our revised VC2

sample includes 558 main-sequence stars in 448 systems. Analysis of that data set shows no evidence of any
systematic kinematic bias. Combining those data with a Hipparcos-based sample of AFGK dwarfs within
25 pc of the Sun, we have derived the solar neighborhood luminosity function,�(MV), for stars with absolute
magnitudes between �1 and +17. Using empirical and semiempirical mass-MV relations, we transform
�(MV) to the present-day mass function,  (M) (=dN/dM). Depending on the mass-luminosity calibration
adopted,  (M) can be represented by either a two-component or a three-component power law. In either
case, the power-law index � has a value of �1.3 at low masses (0.1 M� <M < 0.7 M�), and the local mass
density of main-sequence stars is�0.031M� pc�3. We have converted  (M) to an estimate of the initial mass
function, �(M), by allowing for stellar evolution, the density law perpendicular to the plane, and the local
mix of stellar populations. The results give � = 1.1–1.3 at low masses and � = 2.5–2.8 at high masses, with
the change in slope lying between 0.7 and 1.1M�. Finally, the (U, W ) velocity distributions of both the VC2

sample and the fainter (MV > 4) stars in theHipparcos 25 pc sample are well represented by two-component
Gaussian distributions, with �10% of the stars in the higher velocity dispersion component. We suggest that
the latter component is the thick disk, and we offer a possible explanation for the relatively low velocity dis-
persions shown by ultracool dwarfs.
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1. INTRODUCTION

The nearest stars represent an important tool in studies of
Galactic structure, since they provide an opportunity for
detailed analysis of constituent members of the various stel-
lar populations and subpopulations. This holds particularly
forM dwarfs, which account for the overwhelming majority
of stars currently present in the Galaxy. With a local density
of �0.07 pc�3, these stars are ideal tracers of many proper-
ties of the Galactic disk. Until recently, the main limitation
in such analyses was the lack of basic observational data,
such as spectral types or radial velocities. Our main goal
in undertaking the Palomar/Michigan State University
(PMSU) survey (Reid, Hawley, & Gizis 1995, hereafter
PMSU1; Hawley, Gizis, & Reid 1996, hereafter PMSU2;
Hawley, Gizis, & Reid 1997) was to remedy this defect by
compiling moderate-resolution spectroscopy for all M
dwarfs in the preliminary version of the Third Catalogue of
Nearby Stars (pCNS3; Gliese & Jahreiss 1991). We
obtained observations of over 2000 candidate M dwarfs,

omitting only unresolved binary companions. Calculating
distances by combining spectroscopic parallaxes with the
then available trigonometric data, we defined MV-depend-
ent distance limits that isolate a volume-complete sample
and used that sample to derive estimates of the luminosity
function and the velocity distribution of low-mass stars
(PMSU1), in addition to studying the range of chromo-
spheric activity (PMSU2).

Since the completion of our initial analysis, two major
new data sets have become available. First, the Hipparcos
Catalogue has been published (ESA 1997), including
milliarcsecond-accuracy astrometry for over 110,000 stars
brighter than 13th magnitude. Almost two-thirds of the
stars in the pCNS3 have observations by Hipparcos. Sec-
ond, as a follow-up to the PMSU survey, we obtained
echelle spectroscopy of many of the brighter M dwarfs in
the pCNS3, including all of the stars in the volume-complete
sample defined in PMSU1. Those data are now fully ana-
lyzed and are presented in Gizis, Reid, & Hawley (2002,
hereafter PMSU3). The high-resolution observations pro-
vide significantly more accurate radial velocities, besides
more sensitive measurement of chromospheric activity.

Both these new data sets have potential importance for
the results of the analysis presented in PMSU1. Revising the

1 Based partly on observations made at the 60 inch (1.5 m) telescope at
Palomar Mountain, which is jointly owned by the California Institute of
Technology and the Carnegie Institution ofWashington.
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distances of a substantial number of stars affects both the
composition of the volume-complete sample and the
derived tangential motions, while the new radial velocity
determinations affect the space motion determinations. We
have therefore reanalyzed the PMSU data set, incorporat-
ing the new observational data. Section 2 describes the defi-
nition of the revised volume-complete sample; x 3 considers
the effect on the luminosity function; x 4 rederives the mass
function for nearby stars, combining our data with a Hip-
parcos 25 pc sample of earlier-type main-sequence stars; and
x 5 reanalyzes the kinematics. The main results are summar-
ized and discussed in x 6.

2. A VOLUME-COMPLETE SAMPLE OF SOLAR
NEIGHBORHOOD M DWARFS

In PMSU1, we used the available trigonometric and pho-
tometric parallax information, together with our own dis-
tance estimates based on the (MV, TiO5) calibration, to
construct a volume-complete (VC) subset of the M dwarfs
in the pCNS3. Over 2300 pCNS3 stars haveHipparcos astr-
ometry, but with incomplete sampling between V = 8 and
theHipparcos limit ofV = 13 that data set includes only 712
M dwarfs from PMSU1 and PMSU2. Coverage is better
among the brighter stars in the PMSU1 VC subset, how-
ever, with data for 330 of the 499 systems.

Figure 1 compares pre- and post-Hipparcos distance
measurements for PMSU stars; there is a systematic shift
toward higher distances (parallaxes tend to be overesti-
mated, hence the Lutz-Kelker bias), and a significant num-
ber of M dwarfs move beyond the 25 pc boundary of the
pCNS3. Seventy-one of the 499 systems in the VC sample
have revised distances that place the stars beyond the
completeness limits adopted for the appropriate absolute

magnitude. We have therefore reanalyzed the pCNS3 data
set, augmented by new observations, and derive a revised
volume-complete sample ofM dwarfs (VC2).

2.1. Redefining the Sample

We have used the techniques described in PMSU1 to ana-
lyze the post-Hipparcos pCNS3 data set, rederiving the
appropriate distance limits as a function of absolute magni-
tude. As before, we limit analysis to the 1684 M dwarf sys-
tems in the northern sample, � > �30�, and set absolute
magnitude limits 8 <MV � 16. Figure 2 provides the justifi-
cation for our choice of distance limits, plotting the run of
density (�sys, number of systems per unit volume) with
increasing distance; the distance limits, dlim, are set where
�sys flattens, before the downturn due to incompleteness.
Applying Schmidt’s (1968) V/Vmax estimator to the same
issue yields identical results.

As Table 1 shows, the revised distance limits match those
derived in PMSU1, with the exception of theMV = 9.5 bin,
where dlim decreases by 10%. A total of 545 stars in 435 sys-
tems, including 300 with Hipparcos data, meet these dis-
tance criteria. This data set includes additional companions
identified by Reid & Gizis (1997, hereafter RG97), Delfosse
et al. (1999), and Beuzit et al. (2001). Only 16 systems lack
PMSU3 echelle observations, and the majority (381
systems) have distances derived from trigonometric paral-
laxes. The relevant data for each stellar system are listed in
Table 2, where we also give the proper motions and space
velocities.

Besides providing improved distance estimates for stars
already known to lie within the immediate solar neighbor-
hood, Hipparcos also identified a number of previously
unrecognized nearby stars. The full catalog lists 78 stars that
are not in the pCNS3 but have �H > 45 mas, or r < 22 pc.
Of these, 23 have formal absolute magnitude values in the
range 8 <MV � 16. Ten of the latter subset, however, have
spectral types that are clearly inconsistent with the inferred
absolute magnitude; for example, HIP 21000, or BD
+4�701A, has �H = 84.8 mas and an inferredMV = 9.5, but
spectral type F8. All 10 are in binary systems, and the com-
panion has influenced the astrometric results listed in the
Hipparcos Catalogue. This is a well-known problem, which
can be rectified through more sophisticated analysis; thus,
Fabricius & Makarov (2000) derive �0H = 4.2 mas for HIP
21000.

The remaining 13 stars in the supplementary sample are
all confirmed M dwarfs. The parallax measurements for
both Vyssotsky 130 (a double star) and HD 218422 have
substantial uncertainties. For the present, we retain both
stars in the sample, increasing the revised VC2 sample to 558
main-sequence stars2 in 448 systems. Relevant data for the
additional stars are listed in Table 3. With the exception of
LHS 1234 (Weis 1996) prior observations are scarce, and
most lack radial velocity data. For those stars, the space
motions listed in Table 3 are computed forVr = 0 km s�1.

2.2. Biases and Completeness

A reliable determination of the properties of the local
Galactic disk demands an unbiased, representative stellarFig. 1.—Comparison between distance determinations pre- and post-

Hipparcos. The top panel plots the difference, Dd = dPMSU4 � dPMSU1, for
the 1684 M dwarfs. The bottom panel shows the effect on the original VC
sample, plotting the revised distances and absolute magnitudes in compari-
son with the PMSU1 distance limits. Seventy-one of 499 systems fall out-
with the formal sampling volume.

2 There are an additional four white dwarf and three brown dwarf
companions.
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data set. It is to that end that we constructed the VC2 sample
described in the previous section. However, while the �(d )
and (V/Vmax)(d ) measurements show that the sample as a
whole is broadly consistent with our requirements, subtle
biases may remain, particularly since the stars are drawn
primarily from a preexisting catalog (the pCNS3) rather

than an unbiased all-sky survey. On the positive side, our
VC2 sample has the advantage that trigonometric parallax
measurements are the dominant contributor to distance
estimates for 90% of the systems. This is in contrast to the
original PMSU1 VC sample, where 40% of the stars lacked
accurate astrometry.

Two potential sources of bias are proximity to the Galac-
tic plane, where crowding might be a problem leading to
omission of nearby stars, and proper-motion–based selec-
tion, which could bias against nearby stars with low space
motions. Considering the former issue, Figure 3 plots the
distribution of the VC2 sample on the celestial sphere. Based
on the areal coverage, we expect 15.9% of the sample to lie
within �10� of the Galactic plane; in fact, 69 of the 448 sys-
tems (15.4% � 1.9%) lie within those limits. We conclude
that crowding in the Galactic plane is not a significant con-
tributor to incompleteness in the VC2 sample.3

Fig. 2.—Run of density with increasing distance for pCNS3Mdwarfs as a function of absolute magnitude. The dotted vertical lines mark the distance limits
for the volume-complete sample; the dashed vertical line forMV = 9.5 marks the value adopted in Paper I.

TABLE 1

Distance Limits

MV

dorig
(pc)

dlim
(pc)

8.5....... 22 22

9.5....... 20 18

10.5 ..... 14 14

11.5 ..... 14 14

12.5 ..... 14 14

13.5 ..... 10 10

14.5 ..... 10 10

15.5 ..... 5 5

Note.—Here dorig lists the dis-
tance limit adopted in PMSU1,
and dlim is the distance limit
adopted in the present analysis.

3 We note that there is a statistically significant bias against low-latitude
systems if we consider low-luminosity stars in the full pCNS3: of the 395
stars north of�30� withMV > 13, only 41, or 10.4% � 1.8%, lie within 10�

of the plane. The distance and MV limits imposed in defining the VC2

sample have eliminated this potential source of bias.
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A greater concern is the potential for kinematic bias. As
discussed in PMSU1 and PMSU2, most stars in the pCNS3
were identified based on their having high proper motion.
Those stars are drawn predominantly from three major
proper-motion surveys: the Lowell survey, limited to
l > 0>26 yr�1 (Giclas, Burnham, & Thomas 1971); the
Luyten half-second (LHS) catalog, l > 0>50 yr�1 (Luyten
1979); and the new Luyten two-tenths (NLTT) catalog,
l > 0>18 yr�1 (Luyten 1980). Those limits correspond to
transverse velocities of, respectively, 24.6, 47.4, and 17.1 km
s�1 at 20 pc. Of the three surveys, the last has received the
least attention. While Weis (1986, 1987, 1988) has obtained
(B)VRI photometry for many of the brighter (mr � 13.5)
red stars in the NLTT Catalogue, it is only recently that sys-
tematic attempts have been made to identify nearby stars
among its fainter members (Reid & Cruz 2002; Salim &
Gould 2002) Thus, there is a clear potential for bias against

stars with low tangential motions in both the pCNS3 and
the VC2 sample.

We can test for kinematic bias by comparing the proper
motions and transverse motions of the full VC2 sample
against similar data for the subset of stars that are included
in the objective-prism surveys of Vyssotsky (1956) and
Upgren et al. (1972). Since the latter stars were identified
based on spectral type, that subsample should be free of any
kinematic selection effects. Two hundred nine of the 448 sys-
tems in the VC2 sample are in the Vyssotsky catalog, while
the Upgren et al. survey contributes four systems.

Most of the spectroscopically selected stars are early-type
M dwarfs, and those stars lie predominantly at larger dis-
tances in the VC2 sample. This is illustrated in the top panels
of Figure 4. Since the average distance of the spectroscopic
subset is higher than the full sample, we must compare the
tangential velocity distributions rather than the proper-

TABLE 2

Basic Data for the VC Sample

No.

(1)

Name

(2)

Distance

(pc)

(3)

Ref.

(4)

MV

(5)

Vr

(km s�1)

(6)

l�
(arcsec yr�1)

(7)

l�
(arcsec yr�1)

(8)

U

(km s�1)

(9)

V

(km s�1)

(10)

W

(km s�1)

(11)

H�

(Å)

(12)

Comments

(13)

7....... Gl 2 11.5 � 0.1 1 9.63 0.4 0.879 �0.163 �39.4 �23.3 �16.6 �0.40

11..... Gl 4A 11.8 � 0.4 1 8.61 3.3 0.821 �0.172 �38.7 �20.0 �17.7 �0.57

19..... GJ 1002 4.6 � 0.0 2 15.42 �40.1 �0.817 �1.870 36.7 �39.5 26.1 0.11 94/6

41..... GJ 1005A 5.6 � 0.2 1 12.84 �25.5 0.625 �0.595 �6.8 �27.4 19.5 �0.22

43..... Gl 12 12.5 � 0.9 2 12.10 49.6 0.618 0.319 �51.8 24.8 �29.4 �0.33 85/15

Notes.—Col. (1), identifier from the PMSU1 tables; col. (2), pCNS3 name; col. (3), distance estimate and associated uncertainty—an uncertainty
of�0.0 km s�1 indicates �d < 0.1 pc; col. (4), source of the distance estimate; col. (5), visual absolute magnitude; col. (6), radial velocity, usually from
either PMSU3 or Delfosse et al. 1999, but see note to cols. (13) (the echelle data are accurate to�1 km s�1, while the low-resolution data are accurate
to �10 km s�1); cols. (7) and (8), proper motion from either Hipparcos data (col. [4] = 1) or the pCNS3; cols. (9), (10), and (11), derived (U, V, W )
space motions; col. (12), H� equivalent width, where, following PMSU3, a negative value indicates absorption; col. (13), comments on individual
stars: the relative weights of the trigonometric/spectroscopic parallaxmeasurements contributing to d are given (see above), and ‘‘ low-res.’’ indicates
that the star has no PMSU3 echelle observations and that both the H� equivalent width and the radial velocity are from the PMSU1 low-resolution
data. Table 2 is presented in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form
and content.

References.—(1) Trigonometric parallax from theHipparcosCatalogue (ESA 1997). (2) PMSU1 (Reid et al. 1995). The relative weights given to
trigonometric and spectroscopic parallax measurements are listed in col. (13); for example, 85/15 indicates that 85% of the weight rests with �trig. (3)
Trigonometric parallax from the pCNS3 (Gliese & Jahreiss 1991).

TABLE 3

Basic Data for Supplementary Stars

HIP Name

Distance

(pc) MV

Vr

(km s�1)

l�
(arcsec yr�1)

l�
(arcsec yr�1)

U

(km s�1)

V

(km s�1)

W

(km s�1)

H�

(Å)

6290 ........... LHS 1234 19.0 � 1.9 8.97 22 � 5a0 �0.294 0.436 9.5 38.7 33.7 . . .

29052 ......... LP 838-16 11.4 � 0.3 11.58 . . . �0.184 �0.204 8.0 �0.4 �12.5 Abs.

34361 ......... GJ 2055 17.2 � 0.7 9.93 . . . 0.195 �0.210 17.9 �13.7 6.3 Abs.

36985 ......... G112-29 14.3 � 0.3 9.09 . . . 0.036 �0.253 10.0 �12.9 �5.9 0.5

38594 ......... Ross 429 19.5 � 0.6 8.30 . . . �0.300 0.200 �27.1 13.5 �14.0 Abs.

48659 ......... LP 847-48 11.5 � 0.4 11.74 . . . �0.104 �0.154 0.7 �3.8 �9.3 0.3

55605 ......... V130 16.1 � 6.8 9.33 70 � 20b 0.256 �0.147 13.1 �34.4 63.7 Abs.

56157 ......... LP 672-42 14.0 � 0.8 11.26 . . . �0.355 0.262 �28.9 2.5 2.9 0.2

92444 ......... CD�27�13268 17.3 � 0.6 8.46 . . . �0.140 �0.023 3.0 �6.1 9.4 . . .
103039 ....... LP 816-60 5.5 � 0.1 12.71 . . . �0.307 0.031 4.9 0.3 6.3 . . .

105533 ....... BD+10�4534 20.7 � 0.7 8.33 . . . �0.057 0.032 2.2 2.1 5.6 . . .

110980 ....... LP 640-74 21.9 � 0.9 8.81 . . . 0.045 �0.197 6.2 �15.9 �12.2 . . .

114242 ....... HD 218422 19.9 � 4.3 8.71 . . . �0.087 �0.167 13.1 �11.8 1.8 . . .

Note.—Astrometric and photometric data are from theHipparcosCatalogue. The H�measurements are from unpublished spectroscopy with the CTIO
1.5 m telescope; as in Table 2, a positive equivalent width indicates emission.

a FromWilson 1953.
b From Evans 1979.
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motion distributions. That comparison is shown in the bot-
tom panels of Figure 4, where the dotted line in the right
panel marks the fractional contribution of the spectroscopic
subset to the full sample. If there were a significant bias
against stars with low transverse motions, we would expect
the proportion of spectroscopically selected stars to rise
with decreasing Vtan. The data show little evidence of
that effect. Dividing the distribution into two subsets,
with Vtan � 20 km s�1 and Vtan > 20 km s�1, the ratios
Nprism/Ntot are 44.0% � 7.4% and 48.6% � 4.7%,
respectively.

Our tests therefore reveal no evidence of significant bias
in the VC2 sample, either against stars lying within 10� of
the Galactic plane or against stars with low tangential
motions. On that basis, we conclude that the VC2 sample
provides a reliable data set for examining the space density
and kinematics of the local Galactic disk population.

3. THE LUMINOSITY FUNCTION

3.1. Space Densities

We next consider how the revised distances obtained by
Hipparcos affect the nearby-star luminosity function,
�(MV). We also take this opportunity to redetermine
�(MV) for earlier-type (BAFGK) main-sequence stars in
the solar neighborhood, and to identify lower mass com-
panions to those stars that should be added to the PMSUM
dwarf statistics. Despite the availability of Hipparcos data
for more than half a decade, many recent luminosity func-
tion analyses are still based on the statistics compiled by
Wielen, Jahreiss, & Krüger (1983) from the Second Cata-
logue of Nearby Stars (CNS2; Gliese 1969) and its supple-
ment (Gliese & Jahreiss 1979). An exception is the sample
discussed by Kroupa (2001). Clearly, the systematics evi-

dent in Figure 1 have a significant influence on our estimate
of the local density of main-sequence stars.

The Hipparcos Catalogue has a formal completeness
limit of

V ¼ 7:9þ 1:1 sin bj j ;

so the 25 pc sample is effectively complete over the whole
sky for MV � 5.9. However, since the mission involved
pointed observations of preselected targets, the survey
includes a high proportion of stars known or suspected of
being in the immediate solar neighborhood. Indeed, Jahreiss
& Wielen (1997) argued that the Hipparcos Catalogue is
essentially complete to MV = 8.5 for stars within 25 pc of
the Sun, providing a useful complement to the 8 <MV � 16
VC2 sample.

We have identified 831Hipparcos stars with �H � 40 mas
and MV � 8.0. Three issues need to be addressed before
deriving a luminosity function from this data set: the evolu-
tionary status of the individual stars, binarity and multiplic-
ity, and the local intermixing of stellar populations. The first
and last considerations are illustrated in Figure 5, which
plots the (MV, B�V ) color-magnitude diagram for all 1477
stars in theHipparcosCatalogue with �H � 40mas. Evolved
stars clearly make a significant contribution at brighter
magnitudes, and we have excluded them by eliminating
stars that meet the following criteria:

MV < 7:14ðB�VÞ � 1:0 ; MV < 5:0 :

This removes 41 stars from the sample.
Figure 5 includes a number of stars lying well below the

disk main sequence. Most are fainter than MV = 8.0 and
are either white dwarfs, stars with substantial uncertainties
in the measured parallax, or stars lacking B�V colors. Four
stars, however, lie just below the main sequence, with
6 <MV < 8. These are the halo subdwarfs HIP 18915
(HD 25329; [Fe/H] = �1.6), HIP 57939 (HD 103095;
[Fe/H] = �1.4), HIP 67655 (HD 120559; [Fe/H] = �0.94),
and HIP 79537 (HD 145417; [Fe/H] = �1.25). While the
statistics are not overwhelming, a total of four subdwarfs in
a sample of �650 FGK disk dwarfs implies a local number
ratio of�0.6% � 0.3%, a factor of 3 higher than the density
normalization adopted for the halo in most Galactic struc-
ture analyses. All four stars are excluded from the present
analysis.

Finally, we have checked SIMBAD for references to
binary and multiple systems among the remaining 786 stars.
Thirteen systems have wide companions listed separately in
theHipparcos database, while a further 213 have unresolved
companions at small separations or wide companions that
are not included in theHipparcos data set. Where necessary,
we have adjusted the photometry to allow for the contribu-
tion from fainter components, most notably in the case of
HIP 66212 (HD 110836), which the uncorrected Hipparcos
data place well above the main sequence. As illustrated in
Figure 6, these corrections move a handful of primary stars
to magnitudes fainter thanMV = 8.0.

Even after applying photometric adjustments, a small
number of stars still lie well above the main sequence in Fig-
ure 6. Some (e.g., Gl 610) may be unrecognized binaries.
Several, however, are primaries in binary systems (e.g., Gl
795A, GJ 1161A, Gl 118.2A), and the presence of the
known secondary may affect either the photometry or the
astrometry. Others are metal-rich stars (e.g., Gl 614, Gl
848.4, HD 217107, all known to harbor extrasolar planets),

RA 

Galactic longitude

Fig. 3.—Distribution of the VC2 systems on the celestial sphere, as a
function of both equatorial and Galactic coordinates. The solid line indi-
cates the�30� limit in both cases.
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while still others, lying near the base of the subgiant branch,
may be slightly evolved (e.g., Gl 19, Gl 368). Further spec-
troscopy and photometry are required to resolve these
issues completely.

We noted above that theHipparcos data set is expected to
be effectively complete within 25 pc for stars withMV < 8.5.
We can test this hypothesis using the same techniques
applied to the PMSUMdwarfs in x 2. Figure 7 plots the run
of density with distance for systems in which the primary
has MV of 4.5 � 0.5, 5.5 � 0.5, 6.5 � 0.5, and 7.5 � 0.5.
The first point marks the average density within a sphere,
radius 16 pc, centered on the Sun; subsequent point plot the
densities within annuli of radii 16–18, 18–20, 20–22, and 22–
25 pc. Given Poisson uncertainties, there is no evidence of
a significant decline in completeness as one approaches the
25 pc distance limit.

Our final sample includes 764 Hipparcos systems with
d < 25 pc andMV < 8.0. A further 12 binaries have primar-
ies with 8 <MV � 9. Four of those stars are already

included in the PMSU sample, while three stars lie beyond
22 pc (the PMSU distance limit appropriate to this absolute
magnitude). The remaining five stars are added to the
PMSU sample. We also extend coverage to MV � 16 by
adding data for the three systems currently known with
d < 5 pc and � > �30� (GJ 1111, Gl 406, LHS 292). Table 4
gives final statistics for the combined PMSU andHipparcos
25 pc samples, and Figure 8 plots the composite luminosity
function�(MV).

We have compared our results against the luminosity
function derived by Wielen et al. (1983). The space densities
derived here are systematically lower than in the earlier
study, reflecting the systematic errors present in pre-Hippar-
cos distance estimates. Kroupa (2001) finds similar results in
his analysis. Overall, we derive a local number density of
0.106 main-sequence stars per cubic parsec, and a density of
0.0725 systems pc�3. With evolved systems contributing a
further 41 systems within 25 pc (6.3 � 10�4 pc�3), the
average separation between systems is�2.4 pc.

0 5 10 15 20 25
0

20

40

60

distance (pc)

0 5 10 15 20 25
0

0.5

1

distance (pc)

0 20 40 60 80 100 120
0

20

40

60

0 20 40 60 80 100 120
0

0.5

1

Fig. 4.—Comparison between the properties of the full VC2 sample and the subset of stars identified in the Vyssotsky (1956) and Upgren et al. (1972)
objective-prism surveys. The top panels plot the distribution as a function of distance: left, the differential number distribution, with the full sample plotted as
a solid line and the spectroscopically identified subset as a dotted line; right, the fractional contribution from the spectroscopically selected sample. The pre-
dominant contribution of the latter at larger distances is clearly illustrated. The bottom panels plot the differential distribution as a function of tangential
velocity, with the right panel plotting the fractional contribution from the spectroscopically selected sample. The horizontal dotted line in the latter panel indi-
cates the fractional contribution of the latter stars to the full sample.
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3.2. Binarity andMultiplicity

The 764 systems in our Hipparcos 25 pc upper main-
sequence sample include 538 single stars, 204 binaries
(including eight low-amplitude spectroscopic binaries from
Nidever et al. 2002), 22 triples, and four quadruple systems.

The resultant multiplicity fraction is only 30.1% � 2.4%,
somewhat lower than the value of 44% derived in the stan-
dard reference for this subject, Duquennoy & Mayor’s
(1991, hereafter DM91) analysis of observations of solar-
type dwarfs. This discrepancy may reflect poorer observa-
tional coverage of the Hipparcos sample. Even with the
addition of the extensive radial velocity data from the Lick/
Keck planet-search survey, summarized by Nidever et al.
(2002), 98 stars lack radial velocity measurements, and we
noted in the previous section that a number of stars lie
above the main sequence, suggesting unrecognized binarity.

An alternative possibility is that the multiplicity fraction
measured for the 25 pc sample is more reliable than the
DM91 statistics. The lower binarity might be a consequence
of the larger magnitude range spanned by the present
sample, since M dwarfs are known to have a lower fraction
of stellar companions than do solar-type stars (Fischer &
Marcy 1992; RG97). In addition, the improved parallax
data lead to a better-defined sampling volume for the
present data set than for the DM91 data set. We explore
these issues here.

In analyzing the multiplicity of solar-type stars, Duquen-
noy & Mayor’s intention was to define a volume-limited
sample, including systems with spectral types between F7
and G9, declinations � > �15�, and parallaxes exceeding 45
mas. However, since the parallaxes were drawn from the
CNS2, they are subject to the systematic errors and poten-
tial biases illustrated in Figure 1. Fortunately, all of the
DM91 stars are included in theHipparcosCatalogue.

Figure 9 compares parallax data listed in the CNS2
against Hipparcos measurements for the DM91 reference
sample. As expected, over 40% of the sample lie beyond the
nominal 25 pc distance limit, including almost all stars with
B�V > 0.8, most of which are subgiants. Only 102 systems
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Fig. 5.—The (MV, B�V ) color-magnitude diagram for Hipparcos stars
with � > 40 mas. The four subdwarfs discussed in the text are plotted as tri-
angles, while stars identified as giants or subgiants are plotted as circles.
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Fig. 6.—The (MV, B�V ) color-magnitude diagram after adjusting mag-
nitudes of close binary systems to allow for the contribution from fainter
components. Squares mark stars in our 25 pc sample; note that several fall
below MV = 8 after correction for binarity. Other symbols have the same
meaning as in Fig. 5.
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Fig. 7.—Run of density with distance for main-sequence stars with
4 <MV < 8. The initial point marks the mean density within 16 pc for each
absolute magnitude interval; subsequent points plot the density within
annuli from 16 to 18, 18 to 20, 20 to 22, and 22 to 25 pc. There is no evidence
of a significant downturn with increasing distance, indicating a high degree
of completeness in the sample.
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have �H � 45 mas. However, of those 102 systems, 42 are
double or multiple, giving a multiplicity fraction of
41% � 7%, consistent with the value of 44% derived for
the full data set in DM91. Observational bias in the DM91
sample is therefore not likely to be responsible for the
discrepancy with respect to theHipparcos 25 pc sample.

Even with the extensive temporal coverage and high accu-
racy provided by the CORAVEL radial velocity observa-
tions, it is likely that a significant number of binary systems
remain unrecognized among the DM91 G dwarf sample.
Binary systems with high inclination, long period, or both
have low velocity amplitudes and are, therefore, more diffi-

Fig. 8.—Luminosity function for nearby stars, derived by combining
data for theHipparcos 25 pc sample and the PMSU sample. Data for single
stars and primaries are plotted as triangles; the circles plot the space den-
sities once the appropriate companions are included, with the error bars
reflecting Poisson uncertainties. The solid histogram plots �(MV) from
Wielen et al. (1983).
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Fig. 9.—Duquennoy & Mayor G dwarf sample: bottom, comparison of
the parallaxes listed in the CNS2 against the Hipparcos data; top, distribu-
tion of the stars in the (MV, B�V )-plane. Single stars are plotted as trian-
gles, binaries as circles. The photometry of the latter stars has been
corrected to exclude contributions from secondary components.

TABLE 4

The Nearby-Star Luminosity Function

Hipparcos PMSU4

MV

(1)

N1

(2)

Nc,1

(3)

Nc,2

(4)

N1

(5)

Nc,1

(6)

Nc,2

(7)

NS

(8)

�1

(104 stars pc�3)

(9)

�tot

(104 stars pc�3)

(10)

�0.5 ... 3 . . . . . . . . . . . . . . . . . . 0.46 0.46

0.5...... 5 1 1 . . . . . . . . . . . . 0.76 0.92

1.5...... 15 2 2 . . . . . . . . . . . . 2.29 2.60

2.5...... 36 1 1 . . . . . . . . . . . . 5.50 5.65

3.5...... 79 9 9 . . . . . . . . . . . . 12.07 13.45

4.5...... 151 15 15 . . . . . . . . . . . . 23.07 25.36

5.5...... 147 19 19 . . . . . . . . . . . . 22.46 25.36

6.5...... 181 32 32 . . . . . . . . . . . . 27.65 32.54

7.5...... 143 24 24 . . . . . . . . . . . . 21.85 25.52

8.5...... 8 41 27 103 7 7 6 32.01 40.16

9.5...... . . . 23 13 92 7 5 3 50.21 58.26

10.5 .... . . . 28 4 64 15 9 . . . 74.24 88.16

11.5 .... . . . 21 2 66 17 11 3 76.56 91.06

12.5 .... . . . 15 6 71 25 17 1 82.36 107.30

13.5 .... . . . 7 . . . 23 14 6 . . . 73.21 92.31

14.5 .... . . . . . . . . . 13 6 3 . . . 41.38 50.93

15.5 .... . . . 5 1 4 12 5 . . . 101.86 248.28

16.5 .... . . . . . . . . . 1 2 2 . . . 25.46 76.39

17.5 .... . . . . . . . . . 2 6 1 . . . 50.93 76.39

Notes.—Col. (2), number-magnitude distribution of single stars and primary stars in theHipparcos 25 pc sample; col. (3), magnitude distribution
for all known companions; col. (4), number of companions that fall within the distance limits given in Table 1; cols. (5)–(7), same as cols. (2)–(4) for
the PMSU4 sample; col. (8), contribution from the supplementary stars listed in Table 3; col. (9), the luminosity function due to primaries and single
stars in the combined samples; col. (10), space densities including the contribution from the companions listed in cols. (4) and (7).
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cult to detect. Duquennoy & Mayor concluded that their
analysis might underestimate the binary fraction among G
dwarfs by approximately one-third, implying a true multi-
plicity close to 60%. On the other hand, 47 of the 60
‘‘ single ’’ stars in the �H � 45 mas DM91 subsample are
included in the Lick/Keck planet-search program: 46 are
classed as having stable radial velocities (�V < 0.1 km s�1);
only HIP 98819 (Gl 779) is identified as a confirmed
spectroscopic binary (Nidever et al. 2002).

Based on these results, we take 60% as a likely upper limit
for the multiplicity of the upper main-sequence stars in the
Hipparcos 25 pc sample. Given the relatively sparse obser-
vational scrutiny, we assume that the known secondaries
are characteristic of the sample as a whole, and we therefore
allow for potential ‘‘ missing ’’ binary companions by giving
double weight to known binary components in the statisti-
cal analysis. Figure 10 shows the resultant effect on �(MV):
the space densities are still systematically lower than the
Wielen et al. (1983) values. The overall space density
becomes 0.112 stars pc�3.

4. THE MASS FUNCTION

4.1. TheMass-Luminosity Relation

The mass-luminosity relation is a key ingredient in trans-
forming the stellar luminosity function to a mass function.
Since we have only BV data for most of the stars in the
present sample, we require a relation between mass andMV.
In general, masses can be derived only for stars in binary
systems (gravitational lensing offers the potential for deriv-
ing accurate masses for single stars, but it requires particular
source-lens geometries). Henry & McCarthy (1993) pro-
vided the first extensive analysis of lower main-sequence
astrometric binaries. They derive a three-segment fit in the
(MV, log (mass))-plane, extending from 2 M� to the hydro-

gen burning limit. Together with their mass-MK and mass-
Mbol relations, this calibration has served as the primary
reference over the last decade.

Most recent attention has centered on low-mass stars,
with the addition of new data from high-precision Hubble
Space Telescope (Henry et al. 1999) and ground-based as-
trometry, and from high-accuracy radial velocity measure-
ments (Delfosse et al. 1999; Ségransan et al. 2000). Delfosse
et al. (2000, hereafter D00) have used these new observa-
tions to derive a revised mass-MV relation for lower main-
sequence stars,

logM ¼ 10�3 � ð0:3þ 1:87MV þ 7:614M2
V

� 1:698M3
V þ 0:06096M4

V Þ:

As Figure 11 shows, this relation predicts higher masses by
10%–15% than Henry & McCarthy’s calibration for
11 <MV < 15.

Delfosse et al. limit their analysis toM dwarfs, and Henry
&McCarthy’s piecewise mass-MV relation extends only to 2
M�, but the Hipparcos 25 pc sample includes more massive
A- and B-type stars. We have therefore used the data com-
piled by Andersen (1991) for eclipsing binary systems to
derive an empirical mass-MV relation covering the upper
main sequence. That relation is

logM ¼ 0:477� 0:135MV

þ 1:228� 10�2M2
V � 6:734� 10�4M3

V ;

and it is plotted in Figure 11. We combine that relation with
the D00 result, setting the boundary between the two cali-
brations at MV = 10.0, where the agreement is better than
5%.

In addition to these empirical calibrations, Kroupa, Tout,
& Gilmore (1993, hereafter KTG) derived a semiempirical
mass-MV relation. Adopting the Wielen et al. (1983) lumi-
nosity function as a reference, they represented the mass
function as a three-component power law and vary the indi-
ces to minimize residuals in the mass-MV relation. Figure 11
compares their derived relation against the empirical results.
The KTG calibration, spanning absolute magnitudes
between MV = +2 and MV = +17, matches the D00 rela-
tion at low masses and lies up to 8% below the empirical
relation (i.e., predicts lower masses at a givenMV) for solar-
mass stars.

4.2. The Present-DayMass Function

We have computed present-day mass functions using
both the D00 empirical calibration and the KTG semiem-
pirical relation, extending both to higher masses using our
fit to the Andersen (1991) eclipsing binary data set. Figure
12 shows the results derived from the empirical calibration.
Defining

�ðMÞ ¼ dN

d logM
;  ðMÞ ¼ dN

dM
;

the top panel plots �(M) for the Hipparcos 25 pc and the
PMSU samples [i.e., the data set used to construct �(MV) in
Fig. 8]. The dotted histogram shows the mass function
derived from single stars and primaries in multiple systems.
The middle panel in Figure 12 plots �2B(M), where double
weight is given to the Hipparcos 25 pc secondary compo-
nents (i.e., the data set used to construct Fig. 10). Adding

Fig. 10.—The nearby-star luminosity function, adjusted to include the
contribution from ‘‘missing ’’ binary components. The symbols have the
same meaning as in Fig. 8. As discussed in the text, we have doubled the
contribution from known companions to theHipparcos 25 pc sample.
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the hypothetical as yet undiscovered binaries produces little
change in the overall morphology. Integrating the mass
functions, we derive a local mass density of �MS = 0.0310
M� pc�3 from �(M) and 0.0338 M� pc�3 when double
weight is given to the secondaries in the Hipparcos sample.
We note that white dwarfs contribute a further 0.004 M�
pc�3 (RG97).

We have also used the empirical mass-MV relation to
recompute the mass function derived from the northern
(� � �30�) 8 pc sample. The original sample from RG97
has been updated to take into account Hipparcos parallax
data and new stellar companions (Reid et al. 1999, hereafter
R99). Chabrier & Baraffe (2000) and Kroupa (2001) have
suggested that this sample provides unreliable statistics,
both through the inclusion of stars whose distances rest on
photometric or spectroscopic parallax estimators and
through incompleteness. Neither objection is valid. As
emphasized in R99, 100 of the 104 systems have accurate
(� < 10%) trigonometric parallax measurements, while only
a handful of additions have been identified since 1997. The

most recent is 2MASS J1835379+325954, an M8 dwarf at
5.7 pc, in Reid et al. (2002a). As discussed in that paper, the
over 30% deficit in number density between the 8 pc and
extrapolated 5 pc sample (Henry et al. 1997) includes a
substantial contribution from bright (MV < 14) stars and
probably overestimates the shortfall by at least a factor of 2.

The mass function derived from the 8 pc sample is plotted
in the bottom panel of Figure 12. Again, the single-star/
primary mass function is plotted as a dotted histogram.
Below 1 M�, the results are statistically identical to those
based on the composite Hipparcos 25 pc/PMSU analysis
(i.e., employing a 5 pc limit at MV > 15). The total mass
density derived by integrating �8(M) is 0.0288 M� pc�3, the
lower value reflecting the relative scarcity of G dwarfs
within 8 pc of the Sun.4
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Fig. 11.—The mass-MV relation for main-sequence stars. Filled and open circles plot data for primary and secondary stars, respectively, from Andersen’s
(1991) compilation of eclipsing binaries; triangles plot data for lower main-sequence binaries from Ségransan et al. (2000). The five-pointed star marks the
Sun. In the left panel, the dashed line shows the empirical fit to the upper main-sequence stars given in the text, the dotted line plots the mass-MV relation
derived by Delfosse et al. (2000), and the solid line shows the three-component fit from Henry & McCarthy (1993). The right panel compares the former two
relations against the Kroupa et al. (1993) semiempirical relation (solid line).

4 We note that the 2 � deficit of G dwarfs in a comparison of the 8 pc and
25 pc samples has the same statistical weight as the 2 � excess of MV = 16
stars in a comparison between the 5 pc and 8 pc samples. There appears to
be little concern, however, over ‘‘missing ’’ G dwarfs within 8 pc of the Sun.
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Following Salpeter (1955), it is convenient to represent
the mass function as a power law,

�ðMÞ ¼ M��þ1 ;  ðMÞ ¼ M�� ;

where � = 2.35 is the Salpeter slope. The mass functions
plotted in Figure 12 are all well represented by a two-
component power law. BothHipparcos/PMSU analyses are
consistent with � = 1.35 � 0.2 for 0.1 M� <M < 1 M�
and � = 5.2 � 0.4 forM > 1M�. The steep slope at masses
above 1M� emphasizes the fact that �(M) is the present-day
mass function (Miller & Scalo 1979); our calculations take
no account of higher mass stars that have evolved off the
main sequence over the lifetime of the Galactic disk. The
8 pc sample has fewer high-mass stars than the Hipparcos
data set, but it still shows a clear break near 1 M�, and we
derive � = 1.15 � 0.2 for 0.1 M� <M < 1 M�, matching
the original RG97 analysis. In each case, fitting to the
single-star/primary data set flattens the distribution below
1M�, yielding � � 1, since secondaries make a proportion-
ately higher contribution at lower masses.

Figure 13 compares results from the empirical and semi-
empirical mass-MV calibrations. The derived mass func-
tions are in broad agreement, particularly at low masses. As
might be expected from Figure 11, the main differences arise
at near-solar masses. Rather than a single break at �1 M�,
the semiempirical relation produces changes in slope at
�0.7 and �1.1M� (masses close to the break points chosen
byKTG in their calibration procedure).

Fitting �KTG(M) as a combination of power laws, we find
� = 1.3 � 0.15 for 0.1 M� <M < 0.7 M� (fitting 0.15
M� <M < 0.7 M� gives � = 1.03 � 0.11), � = 2.8 � 0.4

for 0.7M� <M < 1.1M�, and � = 4.8 � 0.15 forM > 1.1
M�. Not unexpectedly, these results are very similar to
those derived by Kroupa (2001). Integrating over the mass
function, we find that main-sequence stars contribute
0.0300M� pc�3 to the local mass density. As with the empir-
ical calibration, allowing for additional binaries among the
Hipparcos 25 pc sample increases �MS by�10%.

Comparing �(M) and �KTG(M), the main difference is the
steepening of the latter between �0.7 and 1.0M�, reflecting
the differences in the mass-MV relations evident in Figure
11. Additional calibrating binaries in this mass range would
clearly be very useful. That discrepancy apart, there is
considerable similarity between the global properties of the
two present-day mass functions plotted in Figure 13:
� � 1.2 at low masses, � � 5 at supersolar masses, and,
depending on the binary fraction, an integrated mass
density of 0.030–0.034M� pc�3.

4.3. The Initial Mass Function

The observed mass function, �(M)/ (M), specifies the
relative number of main-sequence stars as a function of
mass in the local Galactic disk at the present time. A more
fundamental quantity is the initial mass function, denoted
here as N(M) (logarithmic mass units) or �(M), the relative
number of stars forming as a function of mass. Three factors
need to be taken into account in converting the present-day
mass function to the initial mass function: stellar evolution,
the density distribution perpendicular to the plane, and the
local mix of stellar populations.

Salpeter (1955) originally pointed out the necessity of
allowing for evolution beyond the main sequence in compu-
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Fig. 12.—Stellar mass function for the solar neighborhood: top, results
of applying the mass-luminosity relation to the data set used to derive
�(MV), plotted in Fig. 8, with the dotted histogram outlining the contribu-
tion from single stars and primary stars in binary systems; middle, �(M )
when double weight is given to the Hipparcos 25 pc secondaries; bottom,
�(M ) for the northern 8 pc sample (Reid et al. 1999). In each case, the
dashed lines plot the best-fit power law (see text).
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Fig. 13.—Comparison between the present-day mass function derived
using the empirical mass-MV calibration (top) and the Kroupa et al. (1993)
semiempirical calibration (bottom). The latter includes the empirical eclips-
ing binary relation for MV < 3.5. As in Fig. 12, the dotted histogram plots
results for single stars and primaries. The main differences lie at near-solar
masses, with the semiempirical calibration showing a steepening at �0.7
M� rather than�1M�.
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tations of the ‘‘ original mass function.’’ M dwarfs have
main-sequence lifetimes �MS well in excess of 20 Gyr, so
�(M) includes low-mass stars spanning the full history of
star formation in the disk. Higher mass stars have shorter
hydrogen-burning lifetimes, and �(M) only takes account of
stars with ages � < �MS. Thus, the present-day census
includes only a fraction of the total population if �MS is less
than the age of the Galactic disk, �disk. Correcting the
observed numbers for this effect requires that we estimate
the age of the disk and adopt a stellar birthrate as a function
of time.

Binney, Dehnen, & Bertelli (2000) summarize the various
techniques that have been used to estimate the age of the
local disk population. Those include analyses of the low-
luminosity cutoff in the disk white dwarf luminosity func-
tion, measurements of isotopic ratios, isochrone matching
for individual stars, and quantitative analysis of the distri-
bution of stars in the Hertzsprung-Russell diagram. Individ-
ual age estimates range from 7 to 15 Gyr; we adopt
�disk = 10 Gyr in the present calculations. Following the
discussion in PMSU3, we assume a constant star formation
rate, so the correction factor is given by

fMS ¼ �disk=�MS for �MS < �disk :

These corrections are applied on a star-by-star basis to the
Hipparcos sample, with the appropriate main-sequence life-
times computed from

log �MS ¼ 1:015� 3:491 logM þ 0:8157ðlogMÞ2 :

This relation is derived from the solar abundance models
computed by Schaller et al. (1992).

The decrease in main-sequence lifetime with increasing
mass also requires accounting for the vertical density distri-
bution, �(z). Velocity dispersion increases with age, so the
younger average age of higher mass stars leads to lower
velocities and a density distribution that is confined more
closely to the plane. Thus, a local volume-limited sample of
the latter stars, drawn from near the Galactic midplane,
includes a larger fraction of the total population.

We correct for this effect following Miller & Scalo (1979).
The vertical density distribution of disk stars can be repre-
sented by an exponential distribution, scale height z0. Most
recent studies derive a value of z0 � 250 pc for long-lived
main-sequence stars (MV > 4); younger upper main-
sequence stars,MV < 3, have lower velocity dispersions and
a steeper density distribution, z0 � 100 pc (Haywood,
Robin, & Crézé 1997; Siegel et al. 2002). We adopt a scale
height of 170 pc for stars with intermediate absolute magni-
tudes, 3 <MV < 4. Deriving accurate estimates of surface
density from  (M) is a complex operation, requiring model-
ing of the overall potential (see, e.g., Kuijken & Gilmore
1989). We assume that the effective surface densities � scale
linearly with z0,

� / �0z0 ;

where �0 are the volume densities plotted in Figures 12
and 13.

Finally, since we aim to derive N(M) for the disk, we need
to take account of solar neighborhood stars that are mem-
bers of other stellar populations. For present purposes, we
consider three components: disk, thick disk, and halo (stel-
lar, not dark matter). While the last component makes a

negligible contribution locally (x 3.1), approximately 10% of
the stars in the immediate solar neighborhood are part of
the more extended thick disk (see x 5.2). The full characteris-
tics of the latter population, particularly the abundance and
age distribution, remain uncertain, but star counts at
z > 1000 pc demonstrate there are few, if any, stars younger
than a few gigayears, and that the vertical density distribu-
tion has a scale height 3–4 times that of MV > 4 disk stars
(Siegel et al. 2002). Given those results, we assume that 90%
of local stars with MV � 4 are disk dwarfs and scale  (M)
accordingly.

Figure 14 shows the initial mass functions derived from
�(M) and �KTG(M); both data sets are based on the
observed Hipparcos 25 pc and PMSU samples (i.e., we have
not applied corrections for potential undetected secondary
components). In both cases, N(M) can be represented as a
two-component power law: with the empirical mass-MV

relation, the data are consistent with � = 1.3 � 0.2 at
M < 1.1M� and � = 2.8 � 0.25 at higher masses; adopting
the semiempirical mass-MV relation yields � = 1.1 � 0.15
atM < 0.6M� and � = 2.5 � 0.15 at higher masses, consis-
tent with results derived by Kroupa (2001). Reducing the
assumed age of the disk to 8 Gyr steepens � at high masses
by �0.15; increasing �disk to 12 Gyr flattens � to a similar
extent.

4.4. Modeling N(M ): Power Laws or Lognormal Functions?

Power laws provide a mathematically simple means of
representing the stellar initial mass function and give an
adequate match to the data plotted in Figure 14. Some
recent studies, however, find that mass functions of this
form are less successful in matching data for young clusters

-1 -0.5 0 0.5 1

-1

0

1

log(mass) 

Andersen+D00

IMF

-1 -0.5 0 0.5 1

-1

0

1

log(mass) 

Andersen+KTG

 IMF

Fig. 14.—The initial mass function: top, results based on the empirical
mass-MV relation; bottom, results using the Kroupa et al. (1993) semiempir-
ical relation atMV > 3.5. The units on the ordinate axis are surface density,
with an arbitrary normalization. The dashed lines mark the power-law rep-
resentations described in the text. The solid line and dotted line plot log-
normal functions, with the former plotting the best-fit function (see text)
and the latter the originalMiller-Scalo function withC1 = 1.15.
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and associations. In particular, Hillenbrand & Carpenter
(2000) find that  (M) peaks at �0.15 M� in the central
regions of the Orion Nebula cluster.5 Miller & Scalo (1979)
provided an alternative to power laws in their lognormal
representation of the initial mass function,

�ðMÞ ¼ C0 exp ½�C1ðlogM � C2Þ2	 ;

where C0, C1, and C2 are constants defining the normaliza-
tion, width, andmaximum of the initial mass function.

The main impact of adopting a lognormal representation
of N(M) is twofold: first, the existence of a preferred mass
(10C2 ) has implications for star formation models; second,
the extrapolation below the hydrogen burning limit affects
expectations of the frequency of brown dwarfs. Neither of
the initial mass functions plotted in Figure 14 extends to
substellar masses. Measuring �(M) at those masses in the
field is complicated severely by the rapid luminosity evolu-
tion of brown dwarfs, as discussed in R99. Modeling the
mass function as a power law, R99 found that a simple
extension of the low-mass stellar initial mass function
(� = 1.3 � 0.3) provides a reasonable match to the (still
scarce) observations. Chabrier (2002) arrives at similar con-
clusions. However, the field brown dwarf sample is likely
to be dominated by longer lived, higher mass objects,
M > 0.04 M�. As Figure 14 shows, within those limits
(0.04–0.08 M�), there is relatively little difference in slope
between the Miller-Scalo functions and an � � 1 power
law. More extensive observations of young clusters, and
improved models for pre–main-sequence dwarfs, still offer
the best prospects of establishing�(M) at these lowmasses.

We have matched lognormal distributions against
the observations. We have fixed C2 = �0.9 and defined a
goodness-of-fit statistic,

	2

 ¼

1




X ðO�CÞ2

�2
;

where O and C are the observed and predicted values
of N(M), � is the associated Poisson uncertainty, and

 = nbin � 2. We allow both C0 and C1 to vary. The best-fit
results are C1 = 1.0 for N(M) and C1 = 1.2 for NKTG(M)
(the values of C0 have no physical significance, since our
density scaling has an arbitrary zero point). These results
are plotted in Figure 14, together with the best-fit match for
C1 = 1.15, the original value derived by Miller & Scalo
(1979). The 	2


-values for those fits are 8.34 and 6.08, respec-
tively (for 
 = nbin � 3); in comparison, the power-law
representation yields 	2


 = 4.34 and 	2

 = 4.66, respectively.

In summary, lognormal Miller-Scalo functions provide a
poorer representation of the overall shape of the derived
initial mass functions than simple power-law fits. Having
noted that, one should bear in mind the caveat that the dif-
ferences between the two ‘‘ observed ’’ functions plotted in
Figure 14 highlight the continued potential for systematic
effects introduced by changes in the mass-luminosity rela-
tion. Nonetheless, the main challenge facing star formation
theory appears to lie in providing an explanation for the
change in power-law index between 0.7 and 1.1M�.

5. GALACTIC DISK KINEMATICS

In PMSU1, we used our observations of the VC sample
to study the motions of local stars, and in PMSU2 we exam-
ined the different kinematics exhibited by M dwarfs with
and without detectable H� emission. Those analyses were
based on radial velocities derived from the intermediate-res-
olution spectra used to measure band strengths and deter-
mine spectral types. We can reexamine those issues using
the more accurate distances and radial velocities measured
for the VC2 sample.

5.1. SolarMotion and the Schwarzschild Velocity Ellipsoids

We have used standard techniques (Murray 1983) to
parameterize the kinematics of the M dwarfs in the VC2

sample. We calculate the solar motion and Schwarzschild
ellipsoid parameters for (U, V, W ) Galactic coordinates,
where U is positive toward the Galactic center, V is positive
in the direction of rotation, and W is positive toward the
north Galactic pole. This matches the coordinate system
used in the pCNS3.

This standard calculation measures the velocity distribu-
tions of stars within a small spherical volume, centered on
the Sun and lying near the midpoint of the Galactic plane.
Wielen (1974, 1977) has argued that weighting the velocity
dispersion by the W-velocity (effectively, the inverse resi-
dence time in the plane) provides a more useful estimator.
Those dispersions are calculated as follows:

�2U ¼
P

i Wij jU2
iP

i Wij j ; �2V ¼
P

i Wij jV 2
iP

i Wij j ;

�2W ¼ 1

2

P
i Wij jW 2

iP
i Wij j

:

Both sets of velocity dispersions are listed in Table 5,
together with the mean velocity relative to the Sun, the solar
motion. The results are consistent both with our previous
studies, based on lower-accuracy radial velocities, and with
other analyses of nearby-star samples (e.g., Dehnen &
Binney 1998).

As in PMSU2, we have segregated M dwarfs in the VC2

sample with measurable H� emission. In the PMSU2 analy-
sis, the low-resolution spectroscopy limited this sample to
stars with equivalent widths exceeding 1.0 Å; in the present
sample, with the higher resolution PMSU3 echelle data, the
effective limit is 0.1 Å. Eighty-three stars in the VC2 sample
meet this criterion, and the resulting mean kinematics are
listed in Table 5. As discussed in PMSU2, H� emission
declines with increasing age, so it is no surprise that the
unweighted velocity dispersions are significantly lower than
those of the full VC2 sample. In contrast, the weighted
velocity dispersions are markedly higher. This reflects the
influence of a small number of stars with large W-velocities
(e.g., GJ 1054, W = �95.3 km s�1, and Gl 630.1, or CM
Dra, W = �83 km s�1) and illustrates the vulnerability of
this calculation to small number statistics.

We have also determined the mean kinematics for stars in
the Hipparcos 25 pc sample. As noted above, 98 of the 764
systems in this sample lack radial velocities, and those stars
are not included in our statistics. Most of the latter systems
have low proper motions, as one might expect given their
pre-Hipparcos obscurity: 74 (�75%) have l < 0>3 yr�1, and
73 haveVtan < 30 km s�1. Ignoring those stars in the present

5 We note that Luhman et al. (2000), using a different set of evolutionary
tracks, find that the mass function of the Orion Nebula cluster is consistent
with a power law, � � 1, to�0.04M�.
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analysis may affect the derived (U, V, W ) distributions at
low velocities, although the comparisons in the following
section suggest that this is not a severe effect.

We have divided theHipparcos data set into two subsam-
ples: 138 systems withMV < 4 (137 with Vr measurements),
and 626 systems with MV � 4 (528 with radial velocities).
Table 5 lists the mean kinematics of those data sets, and
Figure 15 compares the (V, U) and (W, U) velocity distri-
butions against data for the VC2 sample. The fainter
Hipparcos stars are kinematically indistinguishable from
the M dwarf sample, as one would expect, given that both
data sets should sample the same underlying population—
disk dwarfs with ages spanning the star formation history of
the Galactic disk. The brighter Hipparcos stars have signifi-
cantly lower velocity dispersions than even the dMe sample,
reflecting the short main-sequence lifetimes and younger
ages of these more luminous stars. The derived kinematics
for those stars are consistent with recent studies.

5.2. TheMDwarf Velocity Distribution and the Thick Disk

The rms velocity dispersions derived in the previous sec-
tion provide a one-parameter characterization of the veloc-
ity distribution in each component. While useful as a simple
means of comparing different stellar samples, that parame-
terization can be misleading if the underlying velocity distri-
bution is non-Gaussian in nature. Probability plots (Lutz &
Upgren 1980) provide a method of examining the velocity
distributions in more detail: if a given sample is drawn from
a Gaussian distribution, plotting the cumulative distribu-
tion in units of the measured rms dispersion yields a straight
line.

Figure 16 shows (U, V, W ) probability plots for the full
VC2 sample, the dMe stars from that sample, and both sub-
sets of the Hipparcos data set (MV � 4 and MV < 4). The
full VC2 data set and the fainterHipparcos sample have very
similar velocity distributions, suggesting that even though
the latter sample is not complete, the subset of stars with
measured radial velocities is unbiased. The brighterHippar-
cos stars and the dMe dwarfs, samples dominated by
younger stars, have velocity distributions closest to those
expected for Gaussian dispersions, although both, particu-

larly the emission-line stars, become nonlinear at extreme
velocities. A number of the higher velocity dMe dwarfs are
known to be close binaries (e.g., CMDra). These stars could
be older systems, where tidal locking maintains enhanced
rotational velocities and stronger H� emission.

All four data sets exhibit near-linear distributions at low
velocities, suggesting that each includes a core subset of
stars with Gaussian velocity distributions. We have mea-
sured the slope of the central regions for each distribution.
In U and W, the gradients are derived for the range
�1 < � < 1; the V-distributions become nonlinear more
rapidly at negative velocities (lagging the solar rotational
velocity), and we fit the slope in the range �0.5 < � < 2.
The resulting measurements are listed in Table 5.

We propose that the linear core in these probability distri-
butions represents the disk population in each sample. The
two younger data sets, the brighter Hipparcos stars and the
dMe dwarfs, have been subjected to less secular scattering
and, therefore, have lower velocity dispersions. The nonli-
nearities are more pronounced at large |�| in the other two
samples and, in at least U andW, are symmetric, suggesting
the presence of a second, higher velocity dispersion compo-
nent. The obvious candidate for the latter is the thick disk.
Identified originally by Gilmore & Reid (1983), the thick
disk is evident as a flattening of the density law, �(z),
at �1–1.5 kpc above the plane. Initial analyses of �(z)
suggested a low local density normalization [�TDðz ¼ 0Þ
� 0:02�disk(z = 0)] and high scale height (>1.3 kpc), but
more recent studies (Haywood et al. 1997; Siegel et al. 2002)
favor a higher normalization (�5%) and a smaller scale
height (0.7–1 kpc). Its origin remains uncertain, but as noted
in the previous section, the scarcity of main-sequence A and
F stars indicates � > 3 Gyr. There are no direct, unbiased
measurements of the abundance distribution.

The rotational properties of the thick disk are not yet well
established, complicating analysis of theV velocity distribu-
tions. However, we do not expect a significant solar motion
in either U or W, while a stellar component with a larger
scale height must also have a higher �W than disk dwarfs.
Modeling the latter velocity distributions should therefore
provide insight into both thick disk kinematics and the local
density normalization.

TABLE 5

Kinematics of Nearby Stars

Sample N

hUi
(km s�1)

hVi
(km s�1)

hWi
(km s�1)

�U
(km s�1)

�V
(km s�1)

�W
(km s�1) Note

37.9 26.1 20.5 Unweighted

42.1 32.9 32.2 |W |-weighted

VC2 dM + dMe ...... 436 �9.7 �22.4 �8.9

34 18 16 Core

25.0 21.1 17.8 Unweighted

33.6 44.6 36.1 |W |-weighted

VC2 dMe................. 83 �15.4 �16.5 �10.1

12 11 11 Core

27.4 14.2 14.2 Unweighted

29.4 15.4 21.8 |W |-weighted

HipparcosM
V
< 4... 137 �7.8 �10.0 �8.9

35 18 16 Core

39.9 27.9 19.1 Unweighted

45.2 33.4 29.2 |W |-weighted

HipparcosM
V
� 4... 532 �12.7 �22.8 �6.5

26 14 10 Core

Notes.—Unweighted: � =
P

[(xi � �xx)/n]. |W|-weighted: weighted using Wielen’s prescription (see text). Core: linear fit to
central regions of probability distributions (Fig. 16).
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We have matched the observed W-velocity probability
distributions of the VC2 and faint Hipparcos samples
against models derived by combining two Gaussian compo-
nents (�1 and �2) with a relative normalization, f = N1/N2.
We set �1 = 16 km s�1, matching the core of the observed
distribution, and define the mean velocity as W = �8 km
s�1 (VC2) and �6 km s�1 (Hipparcos). We let �2 vary from
18 to 60 km s�1 in steps of 2 km s�1, varying f between 0.02
and 0.20 at each velocity. At each step, we compute the rms
residuals

Rs ¼
X

ðWi �WcÞ2 ;

where Wi is the observed velocity and Wc the predicted
velocity for the measured �i (the abscissa in the probability
plots). The quantity Rs is computed for the range
�2.5 < �i < 2.5 to minimize the effect of outliers in the
observed velocity distribution.

Matched against the models, both data sets exhibit a
broad minimum in Rs centered at �2 � 36 km s�1 and
f � 0.12. There is reasonable agreement between the model

and the data for 34 km s�1 < �2 < 48 km s�1 and
0.1 < f < 0.2 for the VC2 sample, and for 34 km
s�1 < �2 < 42 km s�1 and 0.1 < f < 0.16 for the Hipparcos
data set. In general, �2 and f are anticorrelated in those solu-
tions. Figure 17 illustrates several examples. None of the
models provide a good match to the data at |�| > 2.5, where
small number statistics can affect the observed distribution.

Analyzing theU velocity distribution gives similar results.
Setting �1 = 34 km s�1 and matching the distribution for
|�| < 2.5, the best-fit values are �2 = 60–64 km s�1 and
f = 0.1–0.12 for the VC2 sample, and �2 = 64–70 km s�1

and f = 0.1–0.14 for the Hipparcos data set. Both data
sets are consistent with approximately 10% of solar
neighborhood stars being members of the higher velocity
component.

Summarizing these results, a two-component Gaussian
distribution with velocity dispersions �1 = 16 km s�1,
�2 � 36 km s�1, and f = 0.12 provides a good representa-
tion of the observed W velocity distribution of solar neigh-
borhood disk dwarfs. A two-component Gaussian with
�1 = 34 km s�1, �2 � 62 km s�1, and f = 0.12 matches the
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Fig. 15.—The (U, V, W ) diagrams for the VC2 (right) andHipparcos 25 pc (left) data sets. Filled points mark dMe dwarfs in the VC2 sample andHipparcos
stars withMV < 4.0, respectively.
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observations in U. In both U andW, approximately 10% of
the sample resides in the higher velocity dispersion compo-
nent. Given the results from recent star-count analyses, it
seems reasonable to identify the latter stars as the local
constituents of the thick disk.

5.3. UltracoolMDwarfs and the Thick Disk

Reid et al. (2002b) have recently presented high-resolu-
tion echelle observations of a photometrically selected sam-
ple of ultracool M dwarfs (spectral types later than M7).
One of the surprising results from that study concerns the
velocity distributions, which have more similarity to our
analysis of dMe dwarfs than to the kinematics of the full
VC2 sample. This is unexpected, since almost all ultracool
M dwarfs are expected to be hydrogen-burning stars, albeit
with masses very close to the hydrogen burning limit. With
main-sequence lifetimes exceeding 1012 yr, ultracool dwarfs,
like earlier-type M dwarfs, should span the full age range of
the Galactic disk. One would expect such stars to have expe-
rienced a similar history of dynamical interactions, leading
to kinematics matching the full VC2 sample rather than the
younger emission-line dwarfs.

A possible resolution to this dilemma lies with the two-
component model. The observed velocity dispersions of the
ultracool dwarfs are

ð�U ; �V ; �W Þ ¼ ð32; 17; 17Þ km s�1 :

These values are close to the velocity dispersions that we
measure for the core of both the VC2 and faint Hipparcos
samples (Table 5). We have identified those core velocity

dispersions as characteristic of the Galactic disk. Are the
ultracool dwarfs essentially a pure disk sample?

There are two possible explanations for the absence of
thick disk dwarfs in the ultracool sample. First, the result
may be due to small number statistics: there are only 37
dwarfs in the photometrically selected sample analyzed in
Reid et al. (2002b), implying an expected number of 4 � 2
thick disk dwarfs. Alternatively, a systematic difference in
metallicity could lead to thick disk stars’ being intrinsically
rarer among low-temperature, late-type dwarfs.

Expanding on the latter possibility, the location of the
hydrogen burning limit in the Hertzsprung-Russell diagram
is known to be a function of metallicity. This is illustrated
most dramatically for extreme halo subdwarfs (e.g., NGC
6397; Bedin et al. 2001), where the main sequence terminates
at (MV � 15, V�I � 3), brighter and bluer than for the
Galactic disk population. While the metal hydride absorp-
tion bands in those stars are consistent with late-type M
dwarfs, the TiO absorption is closer to that observed in M3
dwarfs (Gizis 1997). This behavior is relevant because there
are suggestions that the thick disk, as an old population,
may have a mean metallicity h[Fe/H]i < �0.4 dex. This
might be sufficient to move the hydrogen burning limit to an
effective spectral type of �M7, significantly reducing the
contribution of thick disk dwarfs to an ultracool sample,
without necessarily requiring a significant change in the
underlying mass function.

We can test this hypothesis to a limited extent using data
for the VC2 sample. All of these stars have low-resolution
spectroscopic observations, obtained as part of the PMSU
survey. CaH and TiO band indices derived from those data
can be used to provide a crude assessment of the metallicity
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Fig. 16.—Probability plots for (U, V, W ) velocity distributions. The
solid lines plot data for the full VC2 sample, the long-dashed lines outline
data for the 83 dmE dwarfs in the VC2 sample, and the dotted lines plot the
distributions of the Hipparcos faint (MV > 4) sample; the short-dashed
lines plot the bright (MV � 4) Hipparcos data set. The similarity between
the full VC2 and faintHipparcos data sets is clear.
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Fig. 17.—Two-component fits to probability plots of theW velocity dis-
tribution of the PMSU VC2 M dwarf sample (top) and theHipparcos faint-
star sample (bottom). In both cases, the observations are plotted as a solid
line and the low-velocity component is modeled with �W = 16 km s�1; the
tabulated velocity distributions and relative normalizations refer to the
higher velocity component.

2736 REID, HAWLEY, & GIZIS Vol. 124



distribution. Figure 18 plots band strengths for the M
dwarfs in the VC2 sample and for nearby intermediate
(sdM, [Fe/H] � �1) and extreme (esdM, [Fe/H] < �1.5)
subdwarfs from Gizis (1997). We fitted mean relations to
the VC2 stars,

hCaH2i¼ 0:128þ 0:714TiO5� 0:205TiO52 þ 0:266TiO53 ;

and the intermediate subdwarfs,

CaH2sdM ¼ � 0:219þ 2:632TiO5

� 4:149TiO52 þ 2:656TiO53 :

Themiddle panel plots the raw residuals,

�CaH2 ¼ CaH2obs � hCaH2i ;

as a function ofW-velocity; the bottom panel plots the nor-
malized residuals,

�CaH2N ¼ ðCaH2obs � hCaH2iÞ=ðCaH2sdM � hCaH2iÞ :

If thick disk dwarfs have systematically lower metallicities
than disk dwarfs, one might expect a systematic trend in the
residuals with increasing velocity. There is no evidence of
such behavior in these data. However, the uncertainties in
the abundance calibration are obviously substantial and
could well obscure systematics at the expected level of �0.4
dex. A similar analysis of a volume-complete sample of
G dwarfs, where abundances can be derived to higher
accuracy, would be instructive.

6. CONCLUSIONS

In the first paper of this series (PMSU1), we used spectro-
scopic observations of stars in the pCNS3 to define a vol-

ume-limited sample of M dwarfs with absolute magnitudes
in the range 8 <MV � 14, the VC sample. In the present
paper, we have examined the effects of using Hipparcos dis-
tance estimates and adding newly discovered M dwarfs that
meet the relevant distance limits. The revised sample, the
VC2 sample, includes 548 main-sequence stars in 448 sys-
tems and shows no evidence of systematic bias against stars
with low space motions.

Using the revised sample, we have recomputed the stellar
luminosity function �(MV). We have combined those meas-
urements withHipparcos data for brighter stars within 25 pc
of the Sun to derive the luminosity function for main-
sequence stars with �1 <MV � 17, making explicit allow-
ance for potential unseen binary companions. The results
are in good agreement with Kroupa’s (2001) analysis for
MV < 10, but we derive lower space densities for mid- and
late-typeM dwarfs.

We have transformed the observed luminosity function
to a mass function using both empirical and semiempirical
mass-MV calibrations, with the latter taken from Kroupa et
al. (1993). The resulting present-day mass functions are in
broad agreement, consistent with power-law distributions
with � � 1.2 at low masses (M < 0.6M�) and � � 5 at high
masses (M > 1.1M�). The semiempirical mass-MV relation
leads to a steepening in  (M) (� � 2.2 for 0.6 M�
<M < 1.1 M�). Data for additional binary stars with
masses in the range 0.8 M� <M < 1.2 M� would be useful
in resolving this discrepancy. However, there is little impact
on the mass density derived by integrating  (M); both
analyses indicate that main-sequence stars contribute
0.030–0.033 M� pc�3 to the total mass density in the solar
neighborhood.

We have converted the observed present-day mass func-
tion to estimates of the initial mass function by allowing for
stellar evolution effects at high masses, and by integrating
the density distribution perpendicular to the plane. We also
apply a 10% correction to allow for the presence of thick
disk dwarfs in the local sample. The derived initial mass
functions have a near-Salpeter slope at high masses,
� � 2.5–2.8, but are relatively flat at low masses, � � 1.1–
1.3.

We also considered the kinematics of solar neighborhood
stars. Analysis shows that both the M dwarfs in the VC2

sample and the fainter stars (4 <MV � 8) in the Hipparcos
25 pc data set have similar velocity distributions. This is not
unexpected, since both should include representatives from
the full star formation history of the Galactic disk. Both the
brighter Hipparcos stars and the dMe dwarfs among the
VC2 sample have cooler kinematics, as expected for data
sets with younger average ages. Detailed analysis of the U
and W velocity distributions for the two older samples
shows that both are well represented by two-component
Gaussians, with approximately 10% of the stars in the
higher velocity component. We identify the latter as the
local component of the thick disk. A comparable analysis of
a well-defined sample of solar-type stars offers the potential
of obtaining insight into the detailed properties of this
Galactic component.

Finally, we suggest that the thick disk component may
provide an explanation for the surprisingly low velocity
dispersions measured for a photometrically selected sam-
ple of ultracool dwarfs: If the thick disk is slightly metal-
poor, the hydrogen burning limit could lie close to the
M7 boundary of the ultracool sample. As a result, the

Fig. 18.—Top: CaH2/TiO5 distribution of the VC2 M dwarfs (squares),
intermediate subdwarfs (sdM, triangles), and extreme subdwarfs (esdM,
circles). The solid lines are polynomial relations matched to the first two
data sets. Middle: CaH2 residuals for the VC2 dwarfs as a function of W-
velocity.Bottom: Those residuals normalized to the offset between the mean
M dwarf and sdM relations. Neither of the residual plots shows evidence of
a systematic trend with velocity.
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coolest M dwarfs may represent a pure disk sample, a
conclusion supported by the agreement between their
kinematics and the core velocity dispersions measured
for the FGK and early-/mid-type M dwarfs in our
analysis.

This research was partially supported by a grant under
the NASA/NSF ‘‘NStars ’’ initiative, administered by the
Jet Propulsion Laboratory, Pasadena. We have made exten-
sive use of the SIMBAD database, operated at CDS, Stras-
bourg, France, and of the ADS bibliographic service.
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